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Abstract: We study spontaneous supersymmetry breaking induced by brane- localized 
dynamics in five-dimensional supergravity compactified on S 1 /Z2- We consider a model 
with gravity in the bulk and matter localized on tensionless branes at the orbifold fixed 
points. We assume that the brane dynamics give rise to effective brane superpotentials 
that trigger the supersymmetry breaking. We analyze in detail the super-Higgs effect. 
We compute the full spectrum and show that the symmetry breaking is spontaneous but 
nonlocal in the fifth dimension. We demonstrate that the model can be interpreted as a new, 
non-trivial implementation of a coordinate-dependent Scherk-Schwarz compactification. 
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1. Introduction 

Models with extra dimensions have attracted considerable attention because they provide 
a geometrical approach to the hierarchy problems that afflict modern particle physics: 
the gauge hierarchy and the cosmological constant. It is widely believed that (broken) 
supersymmetry may play a role in generating and stabilizing these hierarchies. 

In this paper we study supersymmetry breaking induced by brane-localized dynamics 
in higher dimensional theories [jl], 0. (Related work can be found in [||, |[]). For simplicity 
we consider compactifications from five to four dimensions on an S l /Z2 orbifold, but the 
mechanism we describe can be extended to higher dimensions. We assume that the bulk 
contains pure five dimensional supergravity; the discussion can be generalized to include 
bulk vector multiplets and hypermultiplets as well. We imagine that tensionless branes 
are placed at the orbifold fixed points. The branes do not generate a warp factor, so the 
bosonic vacuum is flat. 

We start by writing down a five-dimensional action that describes bulk supergravity 
interacting with the vevs of the brane superpotentials. The action is invariant under the 
full set of supersymmetries that are consistent with the orbifold construction. Since the 
fifth dimension is compactified on an orbifold, the five-dimensional supersymmetries split 
into an infinite number of four dimensional supersymmetries. All but one are nonlinear ly 
realized. 

We then study how brane-localized matter can spontaneously break the remaining N = 
1 supersymmetry. Our construction is independent of the details of the brane physics; we 
simply assert that each brane has an effective superpotential, the remnant of some localized 
brane dynamics. We assume that each superpotential receives a constant expectation 
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value (vev). The superpotential vevs do not affect the brane tensions, so our construction 
describes a scenario with vanishing F- and D-terms for the brane-localized matter. The 
construction reproduces the main features of gaugino condensation (l| in M-theory ||] , at 
the level of an effective five-dimensional Lagrangian. 

The initial part of our discussion follows, albeit in a simpler context, the treatment of 
ref. [Q| . However, we go further in two important respects. First, we provide a complete 
analysis of the super-Higgs effect and derive the spectrum for all the Kaluza-Klein modes. 
Second, we apply the results of || and demonstrate that the model can be interpreted as a 
new type of coordinate-dependent Scherk-Schwarz compactification [0 . We show that our 
brane action induces a set of generalized boundary conditions on the gravitino fields, with 
field discontinuities at the orbifold fixed points. 

At low energies, our five-dimensional theory reduces to spontaneously broken no-scale 
supergravity |j, provided the supersymmetry-breaking mass splittings are small relative 
to the Kaluza-Klein scale. The order parameter for supersymmetry breaking is nonlocal 
in the fifth dimension and is proportional to the average of the superpotential vevs on 
the branes. We illustrate how this non-locality ameliorates the instability problems [ 10 1 of 



standard no-scale super gravities ||. (This was previously stressed in for conventional 
Scherk-Schwarz compactifications.) 

2. The bulk action and its spectrum 

Our starting point is pure five-dimensional Poincare supergravity |]l2| in its on-shell for- 
mulation. The supergravity multiplet contains the fiinfbein e^, the gravitino ^ m and the 
graviphoton Bm- The five-dimensional bulk Lagrangian reads 1 

~Cta» = "^2^5 - \e 5 F MN F MN - ^e MNOp QF MN F pB Q 
+ie MN0P ^MXN0D P V Q - i^esF MN y M V N 

+i\j^e MNOPQ F M N^oTp^ Q + 4-fermion terms . (2.1) 

Unless otherwise stated, our five-dimensional notation is identical to ref. |0|; our four- 
dimensional notation is the same as in ref. jl4|]. In particular, the five-dimensional coor- 
dinates are x M = (x m ,x 5 ); 5 is the fifth tangent-space index; M5 = k^ 1 is the (reduced) 
five-dimensional Planck mass; = dete^; -R5 is the five-dimensional scalar curvature; 
e4 = det e„f , where the latter are the components of the fiinfbein with four-dimensional in- 

dices; and e MNOp Q = e 5 e A M e B N e c °e p e E Q e ABCDE , e mn °P = e 4 e a m e b n e c °e d p e abcd , e 61 ^ = 
£ 6l23 = +L 

It is not hard to check that the bulk supergravity Lagrangian is invariant, up to a total 
derivative, under the following supersymmetry transformations, 

6e h f = in (rjT A ^ M - ~$ M T A y) , 

1 The physical dimensions of the fields depend, of course, on the powers of M5 that are inserted in 
the different terms of Cbuik- Our conventions are chosen so that all fields have canonical dimension after 
compactification from five to four dimensions. 
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5V M = ^D M rj - y| (r N F NM - \e 5 e M NOPQF NO Z PQ ^ r, 

+3— fermion terms . (2-2) 

The transformation parameter rj(x M ) is a five-dimensional Dirac spinor. Here and here- 
after, we neglect all three- and four-fermion terms. 

In what follows, we take the fifth dimension to be compactified on the orbifold S 1 /Z2, 
obtained by the identification x 5 <-> — x 5 . For convenience, we choose to work on the 
orbifold covering space, so we let x 5 vary in the interval [— ttk, ttk]. We define the bulk 
action to be 2 

Sbuik=2 J d * x J dx 5 £buik, (2.3) 

where the factor of (1/2) avoids double-counting equivalent points. 
We take our fields to be fluctuations off the following background, 



JMN 




(2.4) 



where r 7^ is an undetermined real constant and all other background fields are assumed 
to vanish. (In principle, (B5) is a second undetermined real constant, but we set it to zero 
as well.) This background is a solution to the five-dimensional equations of motion. From 
fl2,4j) we deduce the relation between the four-dimensional Planck mass M4 and M5 = 



Mj = ttR ■ Ml , (2.5) 

where R = r/M^ is the physical compactification radius. 

We define the action of the orbifold symmetry in such a way that the action, the trans- 
formation laws and the background are all invariant. Decomposing the five-dimensional 
spinor ^f, and its conjugate Vl/, into four-dimensional form, and following the convention 
that ^ = (ip^ , ip 2 ) T and * = (ip 2a , ip 1 ^), we assign even ^-parity to 



e a 



and odd ^-parity to 



e 5 §' 5 5, V>m, tpi, n l , (2.6) 



B m , fa, rj 2 . (2.7) 



From a four-dimensional point of view, the physical spectrum contains one massless 
N = 1 gravitational multiplet, with spins (2,3/2), built from the zero modes of e„f and 
■0m! one massless N = 1 chiral multiplet, with spins (1/2,0), composed of the zero modes 



2 Note that the limits of the integration over the fifth coordinate are set by convention: If we let x 5 vary 
between — 7r/m and n/m, the physical compactification radius is R = r/m. We choose to set m = M5. 
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of ipQ, e 5 g and -B5; and an infinite series of (short) massive multiplets of N = 2 supergravity, 
with spins (2,3/2,3/2, 1) and squared masses 

M " = i?2' ( n=1 < 2 '---)- ( 2 - 8 ) 

The Kaluza-Klein tower gains mass through an infinite series of Higgs and super-Higgs ef- 
fects, each occurring at its own mass level [15]. The Kaluza-Klein gravitons and gravipho- 



tons gain mass by eating the Fourier modes of the fields g m ^ , 055 and -B5 , while the massive 
gravitinos eat the Fourier modes of the field ^5. This is consistent with the fact that the 
parameter of five-dimensional supersymmetry, r](x M ), has an infinite number of Fourier 
modes. Each of the modes generates a supersymmetry; in the absence of matter, all but 
one are spontaneously broken. The broken supersymmetries implement an infinite series of 
super-Higgs effects for the massive gravitinos. The remaining supersymmetry is the N = 1 
supersymmetry of the four-dimensional low-energy effective action. 



3. Brane action and modified supersymmetry transformations 

Having described the bulk action, we now construct the brane action. We are not interested 
in the details of the brane physics, so we imagine that the brane fields are integrated out, 
leaving a constant superpotential vev on each brane. We assume the physics is such that the 
tension vanishes on each brane. We shall see that the superpotential vevs can spontaneously 
break the remaining N = 1 supersymmetry. 

In general, the physics is different on the two branes, so the superpotential vevs need 
not be the same. The brane action we adopt, in analogy with Jl|, |2j, is 

Sbrane = y J ^X d X 5 e 4 [S(x 5 )Pb + 5(x 5 - TT K )~K] Va^Vb + h.C. , (3.1) 

where Po an d P n are complex constants with the dimension of (mass) 3 which parametrize 
the vevs of the superpotentials. 

It is not hard to compute the variation of the brane action using the transformations 
inherited from the bulk. We find 

K 2 r r+iTK 

SSbrane = d 4 X dx 5 e 4 [S(x 5 )P + 5(x 5 - 7TK)P n ] ■ 

A J J-TTK 

• ^V m Atf 1 + iy/l^tirA + h.c. , (3.2) 

where D n rf contains the spin connection uj na b- bi writing eq. ([3,2|), we exploit the fact 
that w na g vanishes on the branes, consistently with the bosonic jump conditions. 

. ^ 1 ' I . 1 I / I -. "I 1 * ■? v ) \ . i v "> i "\ ■ i /*."i-i"w*/\l~l'w"l Im r l "\ i ,i /"l 1 I i - 1 n r;' t I "w t I ' . i i "i ; ■ i < . 1 - i "i . ^ i i ," ■. II I .mi - . i \ P n 



The variation (3.2) can be cancelled by modifying the transformation laws of ip 2 



Sift = 5^l\ old + 2k 2 [5(x 5 )P + 5(x 5 - ttk)P^\ r, 1 , (3.3) 
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where 8tp 2 \ is as in eq. ( |2,2[) . With this new transformation, the bulk action is not 
invariant, 



SS bu i k = -— J d A x J dx 5 e 4 [5(x 5 )P + 5(x 5 - ttk)PZ] • 

• (^la mn D n r, 1 + i^F^A + h.c. , (3.4) 

where again we exploit the fact that Ct> na g vanishes at the fixed points. If we define the 
total action to be S = Sbulk + Sbrane, the variation 5Sb u ik precisely cancels 5 Sbrane, for any 
values of Pq an d P n - 



4. The super-Higgs effect 

In the previous section we constructed a five-dimensional bulk-plus-brane action that is 
supersymmetry invariant. The brane action is purely fermionic, so the superpotential vevs 
do not change the bosonic equations of motion. In particular, the branes remain tensionless, 
so the bosonic background does not warp. 

In this section we study the supersymmetry breaking induced by the superpotential 
vevs. We give a complete description of the super-Higgs effect and the resulting spectrum 
for all the gravitino modes. The initial part of our discussion is close to the treatment of 
(!],§, but avoids many of the complications that arise from Horava-Witten theory, such as 
the additional moduli of the Calabi-Yau manifold, the warp factors, etc. 

We start by searching for solutions to the Killing spinor equations, which are deter- 
mined by the right-hand sides of the supersymmetry transformations, evaluated in the 
bosonic background. The only nontrivial equations arise from the variations of ipl and ipd. 
We find 

-d^ 1 = o , 

K 

-d 5 rj 2 = -2k 2 \5(x 5 )P^ + 5(x 5 - kk)PZ\ r/ 1 . (4.1) 

K 

These equations have no solution on the circle except when P = — P n . In this case 
supersymmetry is preserved, and 

ri'=C, r ? 2 = - K 3 (^ T ^) e (x 5 )C, (4.2) 

is the Killing spinor for constant (; e(x 5 ) is the 'sign' function defined on S . When 
Pq ^ —P-k, there is no Killing spinor, and supersymmetry is broken spontaneously. The 
amount of supersymmetry breaking is fixed by the order parameter F = k,{Pq + P-k). 

This analysis indicates that the supersymmetry breaking is controlled by the vevs of 
the superpotentials on the two branes. These vevs are determined independently, by the 
physics on each brane, separated by a finite distance in the x 5 direction. In this sense the 
order parameter for supersymmetry breaking is nonlocal, as in O. 
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The non-locality of the order parameter makes it worthwhile to study in detail how the 
supersymmetry breaking is realized. In particular, one would like to identify the Goldstone 
fermion and investigate the super-Higgs effect. To see how this works, we focus on the 
fermion bilinears and set all the bosonic fields to their background values. We find 

+-e 4 {-^ m a mn d^\ +^™3 5 I+ ^ m <J mn d n ^l 



+ {e 4 K 2 [8(x 5 )P + 5(x 5 - ttk)P^\ ^ l m a mn ^ n + h.c.) } . (4.3) 

We then write this action in terms of four dimensional fields, which we define through a 
Fourier expansion: 



V> + (x 5 ) 

V>~(x 5 ) 



^+ + V2J2^p cos pM 5 x 5 



P =l 



(4.4) 



V2^2^~ sin pM 5 x 5 
P =i 

In this expression, ip + stands for (ip^, ip^) an d ip~ for (ip^, V's)- The expansion is consistent 
with the boundary conditions and the ^-parity assignments for the fields. We substitute 
these expressions into ([01) and integrate over x 5 to obtain 



I 1 / x 



p=l 



p=l 



p=l p=l 



n,p 



p=l 



2nr 



e 4 P 



+ - — e^P^ 
znr 

+ h.c. 



P =i 

oo 



a 



< + V2^(-l)^ 



m,p 



cr=l 

oc 



<7=1 



(4.5) 



This expression shows that the brane superpotentials induce mixings between the dif- 
ferent Fourier modes. These mixings considerably complicate the discussion of the super- 
Higgs effect, as in |2|. For generic values of Pq and P^, with Pq ^ —P^, the fields ip\ p , 
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V>5o an d 1P5 p (p > 0) are all goldstinos. They are absorbed by the gravitinos through the 
following field transformations: 



2 



V> 2 

rm,t. 



V2_ 



P + (-l) p P^ 



P + 



5,p : 



(4.6) 
(4.7) 



(4.8) 



These transformations define the "unitary gauge" : they eliminate all the terms containing 
-05 jP , ipsfi and V> 2 )P (p > 0), from the Lagrangian (|4.5|). Moreover, they permit us to read 
the infinite-dimensional gravitino mass matrix directly from eq. (14. 51). 



When Pq = —P w , the transformations (4.q-4.8|) are singular and it is not possible to 
remove all the modes of ipl and V> 2 from the Lagrangian. There is one linear combination 
that remains massless, 



(0) 



(3 oo ^ 

p=0 



a 




+tt/M 5 
tt/M 5 



dx" 



n,2p+l 



K 3 Pa 



(4.9) 



where a = (1 + k 6 |Po| 2 /4) 1//2 is a normalization. This form is consistent with the solution 
to the Killing spinor equations, which fixes the gravitino zero mode to be 



i>l = Vi 0) , 



ft 3 Pi 



(4.10) 



The massless gravitino indicates that four-dimensional N = 1 supersymmetry is left un- 
broken. There is also one two-component massless fermion that is not absorbed by the 
super-Higgs mechanism. It is described by the combination 



(0) 



(3 oo 
p=0 



2p+l 



a M 5 



+7I-/M5 

7T/M 5 



e(* 5 )^ 



(4.11) 



An additional linear transformation in the space (ipn , ) ^ s needed to diagonalize the 
kinetic terms for the massless fermions. 
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In the appendix we derive the gravitino mass spectrum. Taking for simplicity Pq and 
P n to be real, we find: 

A4/2 = | + ^r> (p = 0,±l,±2,...), (4.12) 

where 

<5 0{7r) =2arctan —j^-. (4.13) 

Note that when (Pq + P n ) ^ 0, the gravitino masses are shifted with respect to their 
supersymmetric partners. Moreover, the lightest gravitino has a non-vanishing mass. These 
facts show that supersymmetry is indeed spontaneously broken. 

5. Relation to coordinate-dependent compactifications 

Our bulk-plus-brane construction gives a mass spectrum that is reminiscent of the con- 
ventional Scherk-Schwarz mechanism Q, in which all fields are smooth, and the boundary 
conditions are twisted by a global symmetry of the five-dimensional theory. 3 The twist 
shifts each of the eigenvalues of the gravitino mass matrix by the same amount, exactly as 

Km. 



m 



The analogy between the two cases is not limited to the fermionic spectrum. In each 
case, the bosonic fields have the same masses as when supersymmetry is unbroken; the 
bulk and brane contributions to the vacuum energy vanish classically; and the compactifi- 
cation radius is a classical flat direction (together with its super-partner, the axionic phase 
associated with the fifth component of the graviphoton) . There is, however, an important 
difference. In the conventional Scherk-Schwarz mechanism, the universal mass shift arises 
from a bulk mass term. In our construction, the shift arises from mass terms localized at 
the orbifold fixed points. The localized masses induce mixings between all levels of the 
Kaluza-Klein decomposition. 

As we have shown in a companion paper Q, a suitable generalization of the Scherk- 
Schwarz mechanism can give rise to the localized mass terms. The generalization makes 
use of twisted boundary conditions, as in the usual Scherk-Schwarz mechanism, but allows 
the fields to have cusps and discontinuities (or 'jumps') at the orbifold fixed points. In this 
section we will see that the five-dimensional supergravity action, with smooth gravitinos 
and twisted boundary conditions, is equivalent to a bulk-plus-brane action, with periodic 
gravitinos and jumps at the orbifold fixed points. 

We start by recalling the essential features of the conventional Scherk-Schwarz mech- 
anism, for the case of five-dimensional Poincare supergravity compactified on S 1 jZ^. The 
Lagrangian has a global SU(2)ji invariance, under which <&m = (V'm > % l ) \i) T transforms as 
a doublet. [<§>m should not be confused with = (V'm'V'm) 7 '•] The gravitino boundary 
conditions are twisted by a U(1)r C SU(2)r transformation, 

<f> c M (x 5 + 2nn)=e- i ( 3a2 <!> c M (x 5 ), (5.1) 



3 Some similarities between gaugino condensation in Horava-Witten theory and the Scherk-Schwarz mech- 
anism were noticed in Ml. 
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where a 2 is a Pauli matrix acting on the space of (V>m> 4'm) T - This twist is consistent with 
the orbifold projection defined in eqs. ( |2,6| ) and (|2.7|). The label 'c' indicates that the fields 
are continuous across the orbifold fixed points, 

*m(+0 = , + = *m(™ - , (0 < £ « 1) • (5.2) 

The twisted boundary conditions break the four-dimensional supersymmetry. To see 
how this works, we change to gravitino fields &m(x 5 ) that are periodic on the circle. The 
twisted fields are related to the untwisted fields by 

$ c M (x 5 ) = V(y)$M(x 5 ), (5.3) 

where 



We then substitute ( |5.3[ ) into the Lagrangian (pi) ). The only new terms are those in which 
the x 5 derivatives act on the fermionic fields. We find 



$m = D 5 <Z> M , (5.5) 



which implies that D§<&m is a covariant derivative, with constant connection || 

The connection gives rise to a super symmetry-breaking gravitino mass term, one that shifts 
the gravitino spectrum at each mass level: 

•^3/2 = 1-^ (p = 0,±l,±2,...). (5.7) 

We are now ready to show that the bulk-plus-brane action has an alternative interpreta- 
tion in terms of a generalized Scherk-Schwarz mechanism f| . Because we have compactified 
on the orbifold S 1 /Z2, the gravitino boundary conditions are characterized by an overall 
twist and by discontinuities at the orbifold fixed points. We start with the conventional 
Scherk-Schwarz fields 3>j^, with twist parameter 0. We then perform the following field 
redefinition: 



where 



n i (x 5 ) = e ia ^ 2 ^M(x 5 ), (5.8) 



a{x) = — - — e{x) + — - — r](x). (5.9) 



In this expression, e(x 5 ) is the 'sign' function, and 

r/(x 5 ) = 2n + 1 , nvrK < x 5 < (n + 1)ttk , (n G Z) , (5.10) 
is the 'staircase' function that steps by two units every ttk along x 5 . 
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From these expressions, it is not hard to check that the fields &m{ x5 ) obey the following 
jump conditions at the orbifold fixed points: 



$m(+£) = e i5 * a \ M {-tL) , <M™ +0 = e i5 * a2 <S> M (7rK - £) . (5.11) 
The fields <&m(^ 5 ) also have twist [5 + 5$ + 5 n . Indeed, if we choose 

(3 = - (S + 5 V ) , (5.12) 

the fields &m(x 5 ) are periodic. 

The bulk action is not invariant under this field redefinition. As before, the x 5 deriva- 
tives give rise to a connection ^5. Now, however, the connection is singular; it generates a 
brane action that is localized at the orbifold fixed points, 

Sbrane = ^ Jdtx j ^ d X 5 e 4 [5(x 5 )5 + 5( X 5 - TT/c)^] (Va^Vb + ^"fyft) + h.C. 

(5.13) 

Supersymmetry invariance of the total action S = Sbulk + Sbrane is guaranteed by the 
fact that we have redefined the fields of an invariant bulk action. The supersymmetry 
transformations for the fields ip 5 ' 2 are easily derived, 

5^1 = S^l\ old - 2k 2 [5(x 5 )P^ + 5(x 5 - 7tk)K] rf , 

5iPl = 5^t\ old + 2k 2 [S(x 5 )P^ + 5(x 5 - r, 1 , (5.14) 



where 5ip 5 ' is as in (2^). For the special parameter choice Pq = —P n , supersymmetry 

old 

is not broken, and the Killing spinor is given by 

! f e(x 5 )K 3 p- \ 2 . f e(x 5 )K 3 p- \ 
77 = cos C j 77 = — sin I C j (5.15) 



in analogy with 

This discussion exactly parallels the one we gave for the conventional Scherk-Schwarz 
mechanism. However, as explained in ||, the brane action ( 5.1 3[) is inconvenient for deriv- 

1 2 

ing the equations of motion. The fields tpm are too singular to apply the naive variational 
principle without regularization. Indeed, as explained in the even fields are not piece- 
wise smooth. (For example, V'm(O) 7^ nm £^o[' ( /'m(+£) + V'm( — £)]/2> so one cannot apply 
the standard Fourier decomposition.) 

Therefore we follow ref. || and consider the equivalent brane action 



Sbrane — — I d X I dx^ e<i 



5 8 
5(x 5 ) tan — + £(x 5 — ttk) tan 



iia ah ii + h.c. (5.16) 



With this action, the even fields are continuous, so we can apply the naive variational 
principle and derive the equations of motion. It is immediate to show, using (P^ ), that 
the brane action ( 5.16j ) coincides with our original brane action (|3.1|). By integrating the 
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equations of motion associated with ( 5.16 ), one can derive the discontinuities of the odd 
holds, 



^(+0 - ^(-0 = -2 tan | Va(0) , ^(ttk + ~ - = "2 tan ^ ^(tt«) , 

(5.17) 

and check that they precisely reproduce the jumps of eq. ( pi, 11 ), 

This analysis shows that supersymmetry breaking by brane superpotentials has an 
alternative description in terms of generalized boundary conditions on the gravitino fields. 
The supersymmetry breaking is spontaneous because every gravitino becomes massive via 
a super-Higgs effect. The order parameter, F = (So + S w )/k 2 = —(3/k 2 , is manifestly non- 
local: in one description, it is related to the Scherk-Schwarz twist; in the other, it contains 
contributions from each of the two fixed points. 

As explained in || , one can further generalize this description by allowing for a Scherk- 
Schwarz twist and for jumps at the orbifold fixed points. This would give two types of 
gravitino mass terms: one localized at x 5 = (0, 7tk), and the other constant in the bulk. 

6. Conclusions and outlook 

In this paper we presented a bulk-plus-brane action that describes spontaneously broken 
supersymmetry in 4+1 dimensions. Supersymmetry breaking is induced by the expectation 
values of superpotentials on tensionless branes. The order parameter for the supersymmetry 
breaking is nonlocal; it is determined by the mismatch of the superpotential vevs on the two 
branes. The gravitino fields are periodic, but the equations of motion force the odd fields 
to be discontinuous at the locations of the branes. The construction reproduces the main 
features of gaugino condensation in M-theory at the level of an effective five-dimensional 
Lagrangian. 

We also showed that our construction is equivalent to a coordinate-dependent com- 
pactification on the orbifold S jZii where the gravitino fields and their derivatives are 
continuous across the orbifold fixed points but obey twisted boundary conditions. The 
resulting spectrum is identical to that of a conventional Scherk-Schwarz compactification, 
for an appropriate choice of the twist parameter. 

At low energies and in the limit of small supersymmetry breaking, the massive Kaluza- 
Klein modes can be integrated out to give a four-dimensional effective action for the light 
graviton and radion supermultiplets. The calculation is relatively easy because the brane 
action only affects the fermionic fields. The bosonic action is a consistent truncation of the 
one for the zero modes of five-dimensional supergravity, compactified on a circle S 1 . It cor- 
responds to a four-dimensional no-scale supergravity model, with one chiral supermultiplet, 
whose interactions are determined by the usual SU(1,1)/U(1) Kahler potential The 
fermionic terms are fixed by the Kahler potential, together with a constant superpotential 
whose value must be adjusted to match the mass of the lightest gravitino. 

As is typical in models with extra dimensions and supersymmetry breaking, the flat 
directions are lifted by quantum corrections. Indeed, it is not hard to compute the one- 
loop effective potential for the radion R, including contributions from all the Kaluza-Klein 
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modes. We find 



V eff = \ E(-D (2J+1) ^ / 7^4 ^ + M »j) (6.1) 

= - A E [ +0 ° T [ e ~ n2t/R2 - e-^ +a ^ R2 } , (6.2) 

where M/j denotes the squared mass matrix for the particles of spin J. For the case at 
hand, the graviton and gravitino masses are separated by the constant a/R, where 

After performing a Poisson resummation we find 

The result is finite, despite the divergence occurring at each level in the sum of eq. (|6.2j). 
Note that the potential has a minimum at vanishing R. In a more realistic model, a 
nontrivial minimum at a finite non-zero value of R can be obtained by adding matter with 
appropriate gauge and Yukawa couplings [p^]. 

Note that the four-dimensional effective theory fails to explain the special ultraviolet 
properties of the model, connected with the non-local character of supersymmetry breaking. 
In the four-dimensional theory, one finds a quadratically divergent contribution to the one- 
loop vacuum energy. The Kaluza-Klein modes of the five-dimensional theory provide the 
appropriate cutoff for the four-dimensional calculation. 

The work presented here is a first step towards a more complete understanding of 
bulk-plus-brane supersymmetry breaking. In this paper, the Goldstone fermions are all 
bulk fields. In a more general scenario, the Goldstone fermions can involve brane fields as 
well. The presence of F- and L>-terms on the branes might well induce non-vanishing brane 
tensions, which would then require that the bulk background be warped. Such scenarios 
are presently under investigation. 
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A. Appendix 



The gravitino mass eigenvalues can be found by solving the five-dimensional equations of 
motion, subject to the boundary conditions specified in section 5, or by diagonalizing the 
gravitino mass matrix. In this appendix we take the second approach. 

We start with the gravitino mass matrix, which we extract from Q4.5| ). We then make 
the following redefinitions: 



ib 1 ± ib 2 

, (p > o) 



This gives 



V2 



M 



3/2 



1 

R 



P_ 
P_ 



p + 



V 



p_ 



p_ 



p+ + i p* 
p+ p+ - 



p 
p 



p_ 
p 



p± 



p + 



2tt 



(Po ± P-k) 



(A.l) 



P 



+ 



P_ 
P_ 



P 
P 



P + + 2 P + 
P+ P+ - 2 



(A.2) 



in the basis (ip^ , ibf , tp^ , i/j^ , 1P2 > ■ ■ •)• 

We find the mass eigenvalues by extending the techniques of ref. [17]. For simplicity, 
we take Pq and P n to be real. Defining (E = even, O = odd) 



k€E keO 



(A.3) 



and considering for the moment the dimensionless matrix Ai = • R, we rewrite the 

eigenvalue equations as 



P+a + P+Se + P-So = Aa 
P + a + P+Se + P-So = (A + n)a~ . 
P + a + P + Se + P-So = (A - n)a+ . 
P_a + P-Se + P+So = (A + n)a~ . 
P_a + PS E + P+S = (A - n)a+ . 



(n = 0) , 
(neE), 
(ne E), 
(n € O) , 
(n € O) . 



After a series of manipulations we find: 



P+ao + P+Se + P-So = Aao 
S B = 2A(P+a + P+^b + PSo)Ve 
So = 2A(P_a + P-^e + P+S )^o 



where: 



-<0 



X, a 2 

n£_E 
1 



1 



A 2 



7T 

4A 



1 | 7T 

2A 2 + 4A 



1 — cos (A7r) 
sin (\ir) 



1 + cos (A7r) 
sin (Xtt) 



7T 

4A 



tan 



AttA 

"2"; 



(A.4) 

(A.5) 
(A.6) 
(A.7) 

(A.8) 
(A.9) 
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Solving ( A.6 ) and ( A. 7 ) for Se and So, and substituting into ( |A.5| ), we find: 
4vrP+ cos (Avr) = [tt 2 {P 2 - P\) + 4] sin (Avr) , 



or 



A^ = — arctan 

7T 



p, (p = 0,±l,±2,...) 



(A.10) 



(A.11) 



_7T 2 (P 2 -P 2 )+A_ 

Reinstating the overall factor 1/R, we derive the mass eigenvalues at each Kaluza-Klein 
level, 



M [p ) - - 

3 / 2 R 



1 fl 

— S — arctan 

7T 



4vrP4- 



.7T 2 (P 2 - pi) +4 

or, equivalently, eqs. ( 4.12| ) and ( |4.13| ). 



+ /> , (p = 0,±l,±2,...) 



(A.12) 



-14- 



References 



[1] P. Horava, Phys. Rev. D 54 (1996) 7561. 

[2] K. A. Meissner, H. P. Miles and M. Olechowski, Nucl. Phys. B 561 (1999) 30. 

[3] H. P. Nilles, M. Olechowski and M. Yamaguchi, Phys. Lett. B 415 (1997) 24; Nucl. Phys. B 
530 (1998) 43; Z. Lalak and S. Thomas, Nucl. Phys. B 515 (1998) 55; A. Lukas, 
B. A. Ovrut and D. Waldram, Phys. Rev. D 57 (1998) 7529; E. A. Mirabelli and 
M. E. Peskin, Phys. Rev. D 58 (1998) 065002; J. R. Ellis, Z. Lalak, S. Pokorski and 
W. Pokorski, Nucl. Phys. B 540 (1999) 149; J. R. Ellis, Z. Lalak and W. Pokorski, Nucl. 
Phys. B 559 (1999) 71; M. A. Luty and R. Sundrum, Phys. Rev. D 62 (2000) 035008; 
D. E. Kaplan, G. D. Kribs and M. Schmaltz, Phys. Rev. D 62 (2000) 035010; Z. Chacko, 
M. A. Luty, A. E. Nelson and E. Ponton, JHEP 0001 (2000) 003; N. Arkani-Hamed, L. Hall, 
D. Smith and N. Weiner, Phys. Rev. D 63 (2001) 056003; A. Falkowski, Z. Lalak and 
S. Pokorski, Phys. Lett. B 491 (2000) 172; Nucl. Phys. B 613 (2001) 189; N. Arkani-Hamed, 
D. E. Kaplan, H. Murayama and Y. Nomura, JHEP 0102 (2001) 041; N. Arkani-Hamed, 
L. Hall, Y. Nomura, D. Smith and N. Weiner, Nucl. Phys. B 605 (2001) 8 1; D. Marti and 
A. Pomarol, Phys. Rev. D 64 (2001) 105025; D.E. Kaplan and N. Weiner, |hep-ph/0108001 . 

[4] I. Antoniadis and M. Quiros, Nucl. Phys. B 505 (1997) 109; Phys. Lett. B 416 (1998) 327. 

[5] P. Horava and E. Witten, Nucl. Phys. B 460 (1996) 506; B 475 (1996) 94; E. Witten, Nucl. 
Phys. B 471 (1996) 135. 



[6] J. A. Bagger, F. Feruglio and F. Zwirncr, |hcp-th/0107128| , Phys. Rev. Lett. (2002) in press. 

[7] J. Scherk and J. H. Schwarz, Phys. Lett. B 82 (1979) 60; Nucl. Phys. B 153 (1979) 61; 
E. Cremmer, J. Scherk and J. H. Schwarz, Phys. Lett. B 84 (1979) 83. 

[8] Y. Hosotani, Phys. Lett. B 126, 309 (1983), Phys. Lett. B 129, 193 (1983) and Annals 
Phys. 190, 233 (1989). 

[9] E. Cremmer, S. Ferrara, C. Kounnas and D. V. Nanopoulos, Phys. Lett. B 133 (1983) 61. 
J. R. Ellis, A. B. Lahanas, D. V. Nanopoulos and K. Tamvakis, Phys. Lett. B 134 (1984) 
429; J. R. Ellis, C. Kounnas and D. V. Nanopoulos, Nucl. Phys. B 241 (1984) 406; B 247 
(1984) 373. 

[10] J. Polchinski and L. Susskind, Phys. Rev. D 26 (1982) 3661; H. P. Nilles, M. Srednicki and 

D. Wylcr, Phys. Lett. B 124 (1983) 337; A. B. Lahanas, Phys. Lett. B 124 (1983) 341; 

U. Ellwanger, Phys. Lett. B 133 (1983) 187; J. Polchinski, preprint UTTG-14-85, Presented 
at 6th Workshop on Grand Unification, Minneapolis, MN, Apr 18-20, 1985; S. Ferrara, 

C. Kounnas, M. Porrati and F. Zwirner, Phys. Lett. B 194 (1987) 366; J. Bagger and 

E. Poppitz, Phys. Rev. Lett. 71 (1993) 2380; S. Ferrara, C. Kounnas and F. Zwirner, Nucl. 
Phys. B 429 (1994) 589 [Erratum-ibid. B 433 (1994) 255]; J. Bagger, E. Poppitz and 

L. Randall, Nucl. Phys. B 455 (1995) 59. 

[11] I. Antoniadis, Phys. Lett. B 246 (1990) 377; I. Antoniadis, S. Dimopoulos and G. Dvali, 
Nucl. Phys. B 516 (1998) 70. 

[12] E. Cremmer, in Superspace and supergravity, S. W. Hawking and M. Rocek eds., Cambridge 
University Press, 1981, pp.267-282; A. H. Chamseddine and H. Nicolai, Phys. Lett. B 96 
(1980) 89. 

[13] R. Altendorfer, J. Bagger and D. Nemeschansky, Phys. Rev. D 63 (2001) 125025; J. Bagger, 

D. Nemeschansky and R. Zhang, JHEP 0108 (2001) 057. 



- 15 - 



[14] J. Wess and J. Bagger, Supersymmetry and Super gravity, 2nd Edition, Princeton University 
Press, 1992. 



[15] L. Dolan, in Proceedings of the XIII International Colloquium on Group Theoretical Methods 
in Physics, College Park, Md., May 21-25, 1984, W.W. Zachary cd., World Scientific, 1984; 
Phys. Rev. D 30 (1984) 2474. 

[16] C. Kounnas, F. Zwirncr and I. Pavel, Phys. Lett. B 335 (1994) 403; I. Antoniadis, 
S. Dimopoulos, A. Pomarol and M. Quiros, Nucl. Phys. B 544 (1999) 503. 

[17] K. R. Dienes, E. Dudas and T. Gherghetta, Phys. Rev. D 62 (2000) 105023. 



- 16 - 



